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Electrical catheter ablation of arrhythmogenic sites is a
new therapy for ventricular tachycardia that is still being
investigated. Recent studies have shown, however, that
the procedure itself can provoke serious ventricular ar-
rhythmias. The incidence,course and mechanismof these
arrhythmias were studied in 10 beagles treated with a
single R wave-synchronized cathodal shock delivered to
the endocardial ventricular wall (5 dogs left ventricular,
5 dogs right ventricular). Shocks were delivered at 30
(four dogs), 80 (two dogs) or 250 J (four dogs). Each
dog underwent programmed electrical stimulation at or
near the ablation site before, within 1 hour after and 1
week after the shock. Holter electrocardiographic mon-
itoring (24 hours) was performed during day 1 and 7
after the shock in all the dogs, and extended Holter
monitoring was done during the first 5 days in four dogs.
Alldogs survived for 1 week. Within 10minutes after
the shock, a sustained ventricular tachycardia was re-
corded in nine dogs; deterioration into ventricular fi-
brillation occurred in two dogs. In nine dogs, 60 to 169
Catheter techniques for ablation of ventricular arrhythmo-
genic sites (site of origin of ventricular tachycardia) are
promising in the treatment of drug-refractory ventricular
tachycardia, especially in patients who are at high risk with
surgical therapy. Clinical experience is still limited to elec-
trical ablation by direct current shocks (1-5), which has
been successful in a number of patients. However, in a small
number of such patients, proarrhythmic effects have also
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monomorphic ventricular tachycardia episodes (mean
101) occurred on day 1 and 0 to 11 (mean 3) occurred
on day 7; Holter monitoring failed for technical reasons
in one dog. ExtendedHolter monitoringshoweda marked
decline in the incidence of tachycardia during the first
3 days. Early activation during ventricular tachycardia
was always derived at or near the ablation site, and the
QRS configuration during pre- and postablation pacing
at this site was identical to the tachycardia configuration.
Ventricular tachycardia was never inducible with pro-
grammed stimulation.
These results indicate 1) a high incidence of post-
ablation ventricular tachycardia after a single shock in
the 30 to 250 J energy range; 2) arrhythmogenicity
markedly declinesduring the first 3 days; 3) postablation
ventricular tachycardia originates in the vicinity of the
site where the shock had been delivered; and 4) there is
no evidence in favor of reentry or triggered activity as
the mechanism of these arrhythmias.
(J Am Coil Cardiol1987;10:1350-6)
been observed (1,4,6,7), and some investigators (8-10) have
reported serious postablation ventricular tachycardias and
sudden death in dogs. The mechanism of these arrhythmias
and their incidence and course in relation to delivered energy
are not known. In this report, postablation proarrhythmic
effects in dogs are described. The relation between delivered
energy and histopathologic changes in these dogs has been
described in a previous study (II).
Methods
Electrophysiologic studies. Ten beagles weighing 14 to
17 kg were anesthetized, as previously described (11). Un-
der sterile technique, a new standard 6F USCI bipolar elec-
trode catheter (interelectrode distance 1 em) was introduced
into either the left femoral artery (five dogs) or vein (five
dogs) and advanced to the left or right ventricular cavity
under fluoroscopic guidance. The electrode catheter tip (dis-
tal electrode, surface area 11 mm-) was positioned against
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the inferior or lateral ventricular wall. Surface electrocar-
diograms and intracavitary electrograms were recorded on
paper using a multichannel Siemens ink-jet recorder. The
paper speed was 50 to 100 mm/s. Two different channel
programs could be applied: 1) surface electrocardiographic
(ECG) leads I, II and III (in four dogs also leads aVR, aVL
and aVF), and 2) surface ECG lead I, a bipolar electrogram
derived from the catheter electrodes as well as the two
unipolar electrograms derived from this catheter. These pro-
grams were rapidly interchangeable with a push button. The
unipolar electrograms were recorded at a filter frequency of
0.15 to 1,000 Hz. Close contact between the distal electrode
and the endocardial ventricular wall was ensured by I) flu-
oroscopic inspection, 2) high rate of increase in the voltage
(dV/dt) of the unipolar ventricular signal in the electrogram
derived from this electrode, and 3) appearance of ST seg-
ment elevation in this electrogram.
After recording of the spontaneous rhythm, the catheter
electrodes were connected to a Janssen programmable stim-
ulator for programmed electrical stimulation, with a 2 ms
pulse width and at twice diastolic threshold current. Induc-
tion of ventricular tachycardia was attempted with the ex-
trastimulus method using one, two and three extrastimuli,
respectively, at three different basic cycle lengths. In ad-
dition, burst pacing (5 to 10 captures) at cycle lengths up
to loss of 1:1 capture was used.
Ablation techniques. Subsequently, the distal electrode
was connected to the cathodal output of a standard defi-
brillator (Datascope M/D 2) with the following character-
istics: capacity 40 JLF, value of the inductor 36 mH and
internal resistance of the inductor 10 n. A large external
paddle covered with jelly was connected to the anodal sink
of the defibrillator. The paddle was positioned against the
shaved chest in such a way that only one myocardial layer
was situated between the cathode and anode. Special atten-
tion was made to ensure that the electrode catheter was
always at the same site and in close contact with the ven-
tricular wall. Only a single R wave-synchronized shock
(sinusoidal 5 ms pulse) was delivered (five dogs left ven-
tricular, five dogs right ventricular) at 30 (four dogs), 80
(two dogs) or 250 J (four dogs). Subsequently, the distal
electrode was again connected to the recorder and the elec-
trode catheter position was checked fluoroscopically.
Postablation monitoring. During the first hour after the
shock, the heart rhythm was monitored in the electrophys-
iology laboratory. Antiarrhythmic drugs were not admin-
istered, but defibrillation was used if necessary. Whenever
ventricular tachycardia occurred, the relation between the
ventricular electrogram derived from the ablation site and
the onset of the QRS complex was studied. In addition,
tachycardia configuration was compared with the QRS con-
figuration during pre- and postablation pacing at the ablation
site. At the end of this monitoring period, programmed
electrical stimulation was repeated using the same protocol
used before ablation. If the diastolic threshold current at the
site of shock exceeded 10 rnA, slight repositioning of the
catheter as close as possible to the site of shock delivery
was performed (only in two dogs after a 250 J shock). After
programmed stimulation, the catheter was removed, am-
bulatory ECG (Holter) monitoring was started and the dog
was allowed to recover. One week after the shock, pro-
grammed stimulation was repeated using an electrode cath-
eter positioned in the vicinity of the site of shock delivery.
Holter monitoring. Holter monitoring (24 hours, two
ECG leads) was performed during days 1 and 7 after the
shock in each dog. The results of these recordings prompted
us to further study the course of arrhythmogenicity. There-
fore, extended Holter monitoring was performed in the last
four dogs during the first 5 days after the shock. The number
and duration of episodes of ventricular tachycardia were
recorded on each monitoring day. Special attention was
given to the cycle length and the onset and termination of
these tachycardia episodes. Ventricular tachycardia was de-
fined as three or more consecutive ventricular ectopic com-
plexes at a rate> IDO/min. These tachycardia episodes were
defined as sustained if they lasted ~ 30 seconds or required
cardioversion, and as nonsustained if they terminated spon-
taneously within 30 seconds. A ventricular tachycardia ep-
isode was defined as monomorphic if consecutive, well iden-
tifiable QRS complexes showed an identical configuration.
This definition does not exclude the possibility that various
episodes may have a different monomorphic pattern. Anti-
arrhythmic drugs were not used.
Results
Observations during the early postablation stage (first
hour). Two different postshock arrhythmogenic responses
were observed: I) ventricular flutter at rates>320/min and
deteriorating into ventricular fibrillation occurring imme-
diately after the shock, and 2) monomorphic ventricular
tachycardias at rates <250/min starting 1 to 9 minutes after
the shock. Ventricular flutter and fibrillation occurred in two
dogs after a 30 J and a 250 J right ventricular shock, re-
spectively. These dogs underwent successful defibrillation
by external direct current shocks.
In the other dogs, the ablation shock was followed by a
phase without any premature ventricular ectopic activity
before the onset of monomorphic tachycardia. Marked ST
segment elevation in leads II and III was recorded in each
dog immediately after the shock, gradually diminishing dur-
ing the next few minutes. Dogs treated with a 250 J left
ventricular shock appeared to have complete atrioventricular
block during the first minutes after the shock. Escape rhythms
with narrow or wide QRS complexes and at gradually in-
creasing rates started immediately or within 30 seconds after
the shock.
Monomorphic ventricular tachycardia occurred in each
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dog after this "silent" phase, as well as in the two dogs
with ventricular fibrillation, some minutes after defibrilla-
tion. The mean cycle length of the basic rhythm preceding
the onset of the first tachycardia was 790 ms (range 440 to
1400). The tachycardia was sustained in 9 of 10 dogs, al-
though spontaneous termination always occurred within 15
minutes. Many recurrences were recorded. In most dogs,
only one tachycardiaconfiguration was observed. This con-
figuration was identical to the QRS configuration during
pre- and postablation pacing at the ablation site (Fig. 1).
The configuration of the first and last complexof the tachy-
cardia was always identical to the configuration during the
arrhythmia. Episodes of morphologically identical ventric-
ular tachycardiacould start after a variety of quite different
coupling intervals. The unipolar electrogram derived from
the sitewherethe shockhad beendeliveredshowedan initial
negative deflection simultaneously with or just before (up
to 10ms) the onset of the surfaceQRS complexduringeach
episode of ventricular tachycardia (Fig. 2).
Figure 1. A, The onset of the first episode of ventricular tachy-
cardia 2 minutes after a 30 J shock is shown. The cycle length
during sinus rhythm is 440 ms and during ventricular tachycardia
300 ms; the coupling interval is 310 ms. The first complex of the
tachycardia has the same configuration as that of succeeding com-
plexes. B, Sinus rhythm and ventricular pacing justbefore ablation
in the same experiment. Pacing is performed at the site where the
shock will be delivered. The tachycardia configuration in A is
identical to the QRS pattern during preablation pacing.
A
II
III
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Figure 2. Recordings of the same ventricular tachycardia as in
Figure I. Standard lead 1, bipolar electrogram B derived from the
distal and proximal catheter electrodes, unipolar electrogram UI
derived from the distal electrode at the shock site and unipolar
electrogram Uz from the proximal electrode are shown. The early
negative deflection in UI is recorded just before the onset of the
QRS complex, indicating spread of activation from a point near
the site where the shock was delivered. The low dV/dt of the
signals in Uz indicates remote cavity potentials.
Incidence and course of ventricular arrhythmias dur-
ing the first week. Holter monitoring failed for technical
reasons in the first dog treated with a 250 J right ventricular
shock. Holter monitoring in the other nine dogs showed a
continuation of monomorphic ventricular tachycardia epi-
sodes during day 1. Between 60 and 169 episodes (mean
101) were recorded in each dog (Fig. 3A). The maximal
durationof a tachycardiavaried between 16 and 90 seconds
(mean 49), with most dogs having sustained tachycardia
(Fig. 3B). The highest rate during tachycardiawas 260/min
(range 220 to 290). The configuration of each tachycardia
was again identical from the first to the last complex and,
again, coupling intervals varied (Fig. 4). Morphologically
similar episodes of tachycardia could have a very different
cycle length, and within one episode the cycle length could
markedly change.
Holter monitoring on day 7 after the shock demonstrated
an impressive reduction in the number and duration of ep-
isodes of tachycardia (Fig. 5). Sustained tachycardia was
not recorded, and in four of the nine dogs ventriculartachy-
cardias had completely disappeared. Also, the highest rate
during tachycardia decreased to 180/min (range 130 to
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Figure 3. Results of Holter monitoring on the first day after the
shock. In A the number of episodes of ventricular tachycardia
(VT) and in B the maximal duration of these episodes is depicted
in relation to different levels of delivered energy. LV = left
ventricular; RV = right ventricular.
240/min). In the four dogs in which extended Holter mon-
itoring had been performed, the marked decrease in the
incidence of tachycardia was observed during the first 3
days (Fig. 6). Ventricular tachycardia was never inducible
by programmed electrical stimulation.
o
Figure 4. Some characteristics of episodes of ventricular tachy-
cardia recorded with two channel Holter monitoring on the first
day after ablation. Three episodes of morphologically identical
ventricular tachycardia after a 250 J shock are shown. All com-
plexes, including the first and thelast, have the same configuration
during each episode. Note that thethird episode starts with a fusion
complex. The coupling interval between the preceding sinus rhythm
and the first complex of the tachycardia is 0.32, 0.26 and 0.38
second, respectively. This variation cannot be explained by the
duration of the preceding cycle length (equal before the second
and third episode) norby the preceding rate (second episode with
shortest coupling interval is preceded byan intermediate rate com-
pared with that preceding the first and third episode). The cycle
length during tachycardia is also variable (0.22 to 0.42 second).
The mean rate is not clearly dependent on that of the preceding
rhythm (the second episode has thehighest mean rate). Paper speed
is 25 mm/s.
although sustained tachycardia was recorded in most dogs.
In our previous report (11), we showed in the same dogs
that the lesion volume after a 30 J shock was < 1.0 cc and
after a 250 J shock between 2.5 and 4.2 cc. Thus, the size
of the ablation lesion increased with delivered energy. Be-
cause such a relation was not demonstrated between energy
and postablation arrhythmias, there is also no evidence that
arrhythmogenicity depends on the size of the lesion. In the
present study, deterioration into ventricular fibrillation or
sudden death never occurred in the third phase. However,
the observed high rates of tachycardia (up to 290/min) may
explain the deterioration and sudden death reported in other
studies (8,9).
o
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Discussion
Incidence and course of postablation arrhythmias.
Several investigators (8-11) have reported serious ventric-
ular tachycardias, ventricular fibrillation and sudden death
after ventricular electrical catheter ablation in dogs. Our
observations in this study suggest that the time course of
arrhythmogenicity may be divided into four differentphases:
1) immediatepostshock, 2) "silent" gap, 3) phase of mono-
morphic ventricular tachycardia, and 4) late phase. The
immediate postshock phase is characterized either by the
absence of tachyarrhythmia, as was observed in most of the
dogs, or by ventricular flutter in spite of R wave-synchro-
nized shock delivery. The flutter deteriorated into ventric-
ular fibrillation requiring defibrillation. The duration of this
first phase is uncertain, but is presumably less than a few
seconds since ventricular flutter, if it occurred, only started
immediately after the shock.
The first phase is followed by a "silent" gap, lasting 1
to 9 minutes, in which no tachycardias or fibrillation were
observed. The third phase, lasting about 3 days, is char-
acterized by a high incidence of monomorphic ventricular
tachycardia episodes at all used delivered energy levels in
the 30 to 250 J range. Most episodes were nonsustained,
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the site where the shock had been delivered. In this study,
we could not further define the localization of the arrhyth-
mogenic site more precisely because differentiation between
local and remote potentials generated in the vicinity of the
shock site was not possible, and removal of the catheter for
activation mapping was avoided. Levine et al. (12) observed
in their in vitro preparation that within the first hours after
the shock, resting membrane potential was markedly reduced
and no action potential could be recorded closer than 2 mm
from the edge of the shock site. Beyond this small area, a
larger zone with decreased resting membrane potential, ac-
tion potential duration, dV/dt of phase 0 and conduction
velocity was observed, with graded improvement at increas-
ing distances from the site where the shock had been de-
livered. Thus, it seems more likely that the episodes of
tachycardia in our study may have originated in this zone
of depressed electrical activity rather than precisely at the
site of shock delivery.
The observation that in each dog one tachycardia con-
figuration (in most dogs, only one configuration was re-
corded) was identical to the QRS configuration obtained by
preablation pacing at the same site of shock delivery is not
conflicting with a tachycardia origin at some distance from
the shock site. Michelson et al. (13), using a canine model
of chronic myocardial infarction, reported that pacing at
sites 1.5 em apart could result in an almost identical QRS
complex. Josephson et al. (14,15) reported that pacing within
a radius of 2 em from the actual origin of ventricular tachy-
cardia could produce similar QRS patterns in patients with
prior myocardial infarction. These observations suggest that
the postablation monomorphic tachycardias in our study
originated within some centimeters from the site where the
shock had been delivered in a border zone between a central
Figure 6. Results of extended Holtermonitoring to further delin-
eate the course of arrhythmogenicity in four dogs. For abbrevia-
tions see Figure 3.
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Figure 5. Comparison of Holtermonitoring on the first day after
the shock(HM1) and on the seventh day (HM7) . In A the number
of ventricular tachycardia (VT) episodes and in 8 the maximal
duration of these episodes is depicted. For abbreviations see Fig-
ure 3.
The fourth phase is characterized by the absence ofven-
tricular tachycardia or the occurrence of only a few short-
lasting episodes of ventricular tachycardia usually at a rel-
atively low rate. The end of this phase was not defined in
this study. In an additional experiment, Holter recording
was performed I month after ablation in two dogs. Only a
few and short-lasting episodes of ventricular tachycardia
were recorded, suggesting that the late phase represents the
ultimate situation after electrical catheter ablation.
Site of origin of arrhythmias. The occurrence of rapid
ventricular tachycardia, ventricular flutter or ventricular fi-
brillation within seconds after the discharge in spite of R
wave-synchronization is well known from clinical and an-
imal studies (1,7, II). Study of the mechanisms and site of
origin of these arrhythmias is hampered by the very short
cycle length of the arrhythmia and the rapid hemodynamic
deterioration, requiring immediate cardioversion.
The longer cycle length and frequent recurrences of
monomorphic ventricular tachycardia after the silent gap
facilitate the study of these arrhythmias at that stage. The
electrode catheter, used for delivery of the shock, was care-
fully kept at the same site before, during and up to 30 to
60 minutes after the shock. This ensured the possibility of
obtaining postablation electrophysiologic information from
the site where the shock had been delivered and of com-
paring tachycardia configuration with the QRS configuration
during preablation pacing at that site.
The unipolar electrogram derived from the distal elec-
trode at the ablation site showed an initial negative deflection
simultaneously with or just before the onset of the QRS
complex during each tachycardia episode. This means that
the exit point of the arrhythmogenic site is located at or near
lACC Vol. 10, No.6
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area without action potentials and surrounding electrophys-
iologically normal myocardium.
Mechanism of postablation arrhythmias. We ob-
served the following characteristics of arrhythmias in the
phase of monomorphic ventricular tachycardia: 1) markedly
variable and occasionally very long coupling intervals with
tachycardias of identical configuration; 2) episodes with
identical configuration could have a quite different cycle
length, and even within one episode the cycle length could
markedly change-this was also true for the last cycle length
preceding termination; 3) both the initial and the last com-
plex had the same configuration as during tachycardia; 4)
the cycle length of the basic rhythm preceding each tachy-
cardia episode could be quite different; and 5) tachycardias
were not inducible with programmed electrical stimulation.
Levine et al. (12) described impairment of impulse con-
duction and alterations and heterogeneity of action potential
duration in the vicinity of the site where the shock was
delivered. This suggests appropriate circumstances for reen-
try. These investigators (12) also observed secondary de-
polarizations during the plateau phase of the action potential,
representing either true early afterdepolarizations or elec-
trotonic interactions. The observations in our study do not
support evidence that reentry or triggered activity plays a
dominant role in postablation arrhythmogenicity (16). Vari-
able coupling intervals, as was seen in our study, have been
observed in tachycardias based on an automatic mechanism.
Because decreased resting membrane potentials were ob-
served by Levine et al. (12) in the border zone where the
arrhythmias presumably originate, abnormal automaticity
may be important. However, enhanced phase 4 depolari-
zation was not seen by those investigators (12) in any tissue.
Thus, the mechanism of postablation arrhythmogenicity re-
mains uncertain. Further studies are needed in which special
attention should be given to the experimental observations
of Antzelevitch et al. (17) that the arrhythmic expression
of an ectopic focus may differ as a continuous function of
heart rate, level of block or level of automaticity.
Comparison with other types of canine myocardial
injury. Arrhythmogenicity after cryoablation of canine
ventricular myocardium was studied by Klein et al. (18).
During the actual freezing and thawing of the lesion, ven-
tricular ectopic activity was recorded in all dogs, and some
dogs had ventricular tachycardia. Only infrequent ventric-
ular premature complexes were noted in the subsequent 6
to 12 hours. After this prolonged "silent gap," ventricular
ectopic activity increased, and episodes of monomorphic
ventricular tachycardia were observed. The characteristics
of these episodes were very similar to those observed in the
phase of monomorphic ventricular tachycardia after elec-
trical ablation. These tachycardias were also not inducible
with programmed electrical stimulation. Episodes of tachy-
cardia disappeared after day 4 after cryosurgery. Thus, these
arrhythmias did not start as early as those after electrical
ablation, but other aspects were very similar.
Arrhythmogenicity after experimental occlusion of a
coronary artery is much more complicated. The early, de-
layed and late arrhythmic phases each have different tachy-
cardia characteristics (19-22). In addition, some of these
tachycardias, and especially those in the late phase, are
inducible with programmed electrical stimulation (22). This
different behavior and complexity as compared with ar-
rhythmogenesis after electrical ablation or cryoablation may
be due to the anatomic and, thus, electrophysiologic het-
erogeneity in postocclusion infarcts.
Clinical implications. Fortunately, proarrhythmic ef-
fects of electrical catheter ablation are less common in pa-
tients than in dogs. Many patients either do not experience
any proarrhythmic effect or have only an occasional and
brief nonsustained ventricular tachycardia after ablation (1-7).
However, in some patients, serious postablation sustained
ventricular arrhythmias have been observed (1,4,6,7,23).
Our experience is similar to that of other investigators (24).
We have performed electrical catheter ablation in eight pa-
tients with drug-refractory ventricular tachycardia. In two
of them, many episodes of monomorphic ventricular tachy-
cardia were recorded during the first 4 days after ablation.
The incidence rapidly subsided on day 4. The course of
arrhythmogenicity in these patients resembled that observed
in dogs.
Conclusions. The results of our experimental study in-
dicate that there is 1) a high incidence of postablation ven-
tricular tachycardia after a single shock in the 30 to 250 J
energy range; 2) arrhythmogenicity markedly declines dur-
ing the first 3 days; 3) postablation ventricular tachycardia
originates in the vicinity of the site where the shock had
been delivered; and 4) there is no evidence in favor of reentry
or triggered activity as the mechanism of these arrhythmias.
Our understanding of proarrhythmic effects after ventricular
electrical catheter ablation is still very incomplete. Further
studies are needed to clarify the mechanism of arrhyth-
mogenesis.
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